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Release of eggsWe determined whole-ﬁsh polychlorinated biphenyl (PCB) concentrations in 26 female lake whiteﬁsh
(Coregonus clupeaformis) and 34 male lake whiteﬁsh from northern Lake Huron. In 5 of the 26 female lake
whiteﬁsh, we also determined PCB concentrations in the somatic tissue and ovaries. In addition, bioenergetics
modeling was used to determine the contribution of the growth dilution effect to the observed difference in
PCB concentrations between the sexes. Whole-ﬁsh PCB concentrations for females and males averaged 60 ng/g
and 80 ng/g, respectively; thus males were 34% higher in PCB concentration compared with females. Based on
the PCB determinations in the somatic tissue and ovaries, we predicted that PCB concentration of females
would increase by 2.5%, on average, immediately after spawning due to release of eggs. Thus, the change in
PCB concentration due to release of eggs did not explain, to any degree, the higher PCB concentrations observed
in males compared with females. Bioenergetics modeling results indicated that the growth dilution effect could
account formales being only 0.7% higher in PCB concentration comparedwith females. Thus, the growth dilution
effect contributed very little to the observed difference in PCB concentrations between the sexes. We conclude
that males were higher than females in PCB concentration most likely due to a higher rate of energy
expenditure, stemming from greater activity and a greater resting metabolic rate. A higher rate of energy expen-
diture leads to a higher rate of food consumption, which, in turn, leads to a higher PCB accumulation rate.
Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.Introduction
Recent research has revealed an apparent pattern in the relative
difference between whole-ﬁsh polychlorinated biphenyl (PCB) concen-
trations of mature males and whole-ﬁsh PCB concentrations of mature
females (Madenjian, 2011; Madenjian et al., 2014). Speciﬁcally, mature
males have been found to be 15–45% higher in PCB concentration than
similarly aged mature females, and this difference has been primarily
attributed to a higher rate of energy expenditure in mature males due
to greater activity and a higher resting metabolic rate (or standard
metabolic rate [SMR]). To date, higher whole-ﬁsh PCB concentrations
in males compared with females have been documented in walleye
(Sander vitreus), lake trout (Salvelinus namaycush), coho salmon
(Oncorhynchus kisutch), burbot (Lota lota), sea lamprey (Petromyzon
marinus), and cisco (Coregonus artedi). A higher rate of energy expendi-
ture results in a higher rate of food consumption, which, in turn, results
in a higher PCB accumulation rate. A faster growth rate by females com-
pared with males can also contribute toward males exhibiting higher
PCB concentrations than females, however this growth dilution effect
has been estimated to be relatively unimportant in most cases
(Madenjian, 2011; Madenjian et al., 2014). Typically, bioenergetics).
tional Association for Great Lakes Remodeling has been used to assess the contribution of the growth dilu-
tion effect to the observed difference in PCB concentrations between
the sexes.
To be certain that observed differences in PCB concentrations be-
tween the sexes are true indicators of the above-mentioned behavioral
and physiological differences between the sexes, whole-ﬁsh PCB deter-
minations are required (Madenjian, 2011). The difference in muscle
tissue PCB concentrations between the sexes or in liver tissue PCB
concentrations between the sexes may or may not accurately reﬂect
the difference in whole-ﬁsh PCB concentrations between the sexes.
Unfortunately, most of the studies addressing differences in PCB con-
centrations between the sexes of ﬁsh have been based onmuscle tissue
or liver tissue PCB determinations. Consequently, results from these
studies based on parts of ﬁsh rather than whole ﬁsh may not, in some
cases, provide a true indication of the differences in behavior and phys-
iology between the sexes of ﬁsh.
In general, results frommuscle tissue and liver tissue determinations
supported the contention that male ﬁsh exceeded female ﬁsh in PCB
concentrations. For example, Bodiguel et al. (2009) reported signiﬁcant-
ly higher PCB concentrations in both themuscle tissue and liver tissue of
adult male European hake (Merluccius merluccius) compared with adult
female European hake from the Mediterranean Ocean. Similarly,
Kammann et al. (1993) observed substantially greater PCB concentra-
tions in the livers of male dab (Limanda limanda), a species of ﬂatﬁsh,search.
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(2007) documented signiﬁcantly greater muscle PCB concentrations in
males compared with females in both largemouth bass (Micropterus
salmoides) and spotted bass (Micropterus punctulatus) from a southeast-
ern USA reservoir. Moreover, Gewurtz et al. (2011) showed that muscle
PCB concentrations were signiﬁcantly greater in males than in females
for most of the walleye populations surveyed in Canada. However, in a
number of cases, signiﬁcant differences in muscle tissue or liver tissue
PCB concentrations between the sexes were not detectable. Further, in
a few cases, muscle tissue PCB concentration was found to be signiﬁ-
cantly greater in females than in males. For example, Marthinsen et al.
(1991) did not detect signiﬁcant differences in liver tissue PCB concen-
trations between the sexes of Atlantic cod (Gadus morhua) or European
ﬂounder (Platichthys ﬂesus) caught in the Glomma River, a tributary to
the North Sea. Similarly, signiﬁcant differences in muscle PCB concen-
trations were rarely detected for six species of freshwater ﬁshes
(other thanwalleye) in Canada (Gewurtz et al., 2011). In addition,mus-
cle PCB concentrations of channel catﬁsh (Ictalurus punctatus) from a
southeastern USA reservoir were found to be signiﬁcantly greater in
females than inmales (Rypel et al., 2007). These cases of failing to detect
a signiﬁcant difference in PCB concentrations between the sexes, or
ﬁnding signiﬁcantly higher PCB concentrations in females compared
with males, may have simply been due, at least in part, to determining
PCB concentrations in muscle tissue or liver tissue rather than in
whole ﬁsh.
Although lake whiteﬁsh (Coregonus clupeaformis) is the most valu-
able commercial ﬁsh species in the Upper Great Lakes (Ebener et al.,
2008; Brenden et al., 2013), to the best of our knowledge, differences
in whole-ﬁsh PCB concentrations between the sexes of lake whiteﬁsh
have not been examined. Lake whiteﬁsh is not considered a top preda-
tor in Great Lakes foodwebs (Ebener et al., 2008). Rather, lakewhiteﬁsh
is a generalist feeder, preying predominately on invertebrates but capa-
ble of some degree of piscivory (Pothoven and Madenjian, 2013). Thus,
the trophic position of lake whiteﬁsh is intermediary between the top
predators, such aswalleye, lake trout, coho salmon, burbot, and sea lam-
prey, and the planktivorous ﬁshes, such as cisco. Documentation of
males exceeding females in whole-ﬁsh PCB concentrations of lake
whiteﬁshwouldmark another important step in establishing the perva-
siveness of this apparently general characteristic of higher energy
expenditure rate in males.
The overall goal of our studywas to evaluate the difference inwhole-
ﬁsh PCB concentrations between the sexes of the Detour spawning
stock of lake whiteﬁsh from northern Lake Huron. If a difference was
established, thenwe utilizedmodeling to identify themost likely expla-
nation for the observed difference. Speciﬁc objectives of our study in-
cluded: (1) quantify the difference in whole-ﬁsh PCB concentrations
between the sexes of lakewhiteﬁsh captured from a spawning aggrega-
tion of the Detour stock in northern Lake Huron, (2) use bioenergetics
modeling to quantify the growth dilution effect on the difference in
whole-ﬁsh PCB concentrations between the sexes, (3) compare somatic
tissue PCB concentration with ovary PCB concentration in female lake
whiteﬁsh, and (4) estimate the change in whole-ﬁsh PCB concentration
of female lakewhiteﬁsh associatedwith the release of eggs at spawning.
In addition, we were especially interested in whether our ﬁndings for
lake whiteﬁsh supported the emerging pattern of higher whole-ﬁsh
PCB concentrations in males compared with females across various
species of ﬁsh.
Methods
Field methods
Adult lake whiteﬁsh were captured using a commercial trap net
ﬁshed in northern Lake Huron in the vicinity of Cedarville, MI, which
is located at the center of the spawning area used by the Detour stock
of lake whiteﬁsh (Ebener et al., 2010). The trap net was set in watersbetween 5 and 15 m deep. On 6 November 2010, the trap net catch
was retrieved, and 60 lake whiteﬁsh were randomly selected from the
catch. Typically, spawning by lake whiteﬁsh in northern Lake Huron
peaks in mid-November (Ebener et al., 2008). Total length of each lake
whiteﬁsh was measured to the nearest mm, and each lake whiteﬁsh
was weighed to the nearest 10 g. Sex and maturity of each lake white-
ﬁsh were determined by visual inspection of the gonads. Each lake
whiteﬁsh was individually bagged with a cardboard tag marked with
a unique identiﬁcation number and then frozen at −20 °C. During
January 2011, the frozen lake whiteﬁsh were transported to the Great
Lakes Science Center (GLSC) in Ann Arbor, MI for further processing.
PCB determinations
At the GLSC, 5 female lakewhiteﬁshwere randomly selected for PCB
determinations of both somatic tissue and ovaries. For each of these 5
females, the lake whiteﬁsh was partially thawed, and otoliths were
then removed for aging purposes. Ovaries were removed and weighed
to the nearest 0.1 g. Likewise, the remaining somatic tissuewasweighed
to the nearest 0.1 g. Ovaries and somatic tissue were homogenized sep-
arately in appropriately sized blenders. About 100 g of the homogenate
was placed in a contaminant-free glass jar, sealed with a lid, and then
stored at−20 °C. For the 55 other lake whiteﬁsh, the ﬁshwere partially
thawed, and otoliths were removed for aging purposes. Each whole ﬁsh
was homogenized using appropriately sized blenders, and then approx-
imately 100 g of the homogenatewas placed in a contaminant-free glass
jar, sealed with a lid, and stored at −20 °C. The frozen homogenates
were shipped to the State Environmental Laboratory of the Oklahoma
Department of Environmental Quality (DEQ) in Oklahoma City, OK for
PCB determinations. The otolithswere shipped to the Chippewa Ottawa
Resource Authority (CORA) ﬁshery research facility in Sault Ste. Marie,
MI for aging. Aging was accomplished via enumeration of annuli on
the otoliths.
At the State Environmental Laboratory of the Oklahoma DEQ, total
PCB concentration in each of the homogenates was determined by
following Protocol 303 of the U. S. Food and Drug Administration
(FDA) (1999). Approximately 50 g of the homogenate was extracted
with 250 mL acetonitrile by blending in an industrial blender. The ace-
tonitrile extract was ﬁltered using a vacuum ﬁlter ﬂask apparatus and
partitioned with 150 mL petroleum ether (or hexane) in a separatory
funnel. The petroleum ether (or hexane) extract was then passed
through a Florisil® (Frederick, MD) cleanup column using 150 mL of
100% petroleum ether (or hexane), followed by 150 mL of 6% diethyl
ether/petroleum ether (or hexane) and 150 mL of 15% diethyl ether/
petroleum ether (or hexane) fractions. The three co-solvent fractions
were combined and concentrated to a volume of 1 mL during a solvent
exchange with hexane. The concentrate was brought to a ﬁnal volume
of 5 mL in hexane. Separation, identiﬁcation, and quantiﬁcation of
total PCBs was accomplished by dual injection, dual capillary column
gas chromatography (GC) with dual electron capture detectors (ECD)
using an Agilent 6890 GC/MS (Agilent Industries, Palo Alto, CA). Two
chromatographic columns with dissimilar stationary phases were used
for analyte identiﬁcation conﬁrmation. The columns used for primary
and conﬁrmatory analyses were (5%-phenyl)-methylpolysiloxane
with dimensions of 30 m × 0.53 mm ID × 0.5 μm phase thickness, and
(35%-phenyl)-methylpolysiloxane with dimensions of 30 m ×
0.53 mm ID × 0.5 μm. The mobile phase for each column was helium
at 4.0 mL/min constant ﬂow. Inlets were purged packed adapted for
megabore capillary columns with isothermal temperatures of 250 °C
each.Micro-electron capture detectors used 5%methane/argonmixture
as themakeup gas at 60.0mL/min ﬂowwith isothermal temperatures of
250 °C each. The initial oven temperaturewas 45 °C ramping at 8 °C/min
to hold at 200 °C for 3 min; then ramping at 5 °C/min to hold at 280 °C
for 7.5min for simultaneous dual inlet of 2 μL injections. The data collec-
tion rate was 20 Hz. Pentachloronitrobenzene was used an internal
standard. Matrix spikes were performed using Aroclors 1232 and 1260
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ranged from 68 to 106%. Ten percent of the samples were analyzed in
duplicate, and the mean percent relative difference between duplicates
was 21%. The detection limit was 10 ng/g. All total PCB concentrations
were expressed on a wet weight basis.
Data analyses
To determinewhole-ﬁsh PCB concentrations of the 5 females select-
ed for PCB determinations of ovaries and somatic tissue, the procedure
described by Niimi (1983) was followed. PCB body burden within a
ﬁsh tissue is deﬁned as theweight of PCBswithin the ﬁsh tissue, where-
as PCB concentration in a ﬁsh tissue is equal to PCB body burden in the
ﬁsh tissue divided by the weight of the ﬁsh tissue. For each of the 5
females, PCB body burdens in the ovaries and somatic tissuewere calcu-
lated and then summed, and this sum of the body burdens was then
divided by the sum of the weights for the ovaries and somatic tissue
to yield an estimate ofwhole-ﬁsh PCB concentration. In addition, the ex-
pected percent change in PCB concentration due to release of eggs at
spawning was calculated for each of the 5 females using the procedure
described by Niimi (1983). This procedure involved calculating the ratio
of PCB concentration in the somatic tissue to the estimated whole-ﬁsh
PCB concentration. The gonadosomatic index (GSI) was calculated for
each of the 5 females by dividing the weight of the ovaries by the total
weight of the ﬁsh and then multiplying by 100.
To determine whether mean whole-ﬁsh PCB concentration of male
lake whiteﬁsh was signiﬁcantly different from mean whole-ﬁsh PCB
concentration of female lake whiteﬁsh, we ﬁrst applied analysis of
covariance (ANCOVA) to the lake whiteﬁsh PCB data. We considered
ﬁve different ANCOVA models. In four of the models, whole-ﬁsh PCB
concentration was the dependent variable, sex was the categorical
variable, and age, total length (TL), weight, or Fulton's condition K
(= weight · 105 · TL−3) of the lake whiteﬁsh was the covariate.
For the ﬁfth ANCOVA model, age, TL, weight, and Kwere all included
as covariates. The covariates were found to be insigniﬁcant (P N 0.10)
in all ﬁve ANCOVA model applications, indicating that age, TL,
weight, and K did not have a signiﬁcant effect on lake whiteﬁsh
PCB concentration. Thus, use of a two-sample t test was both the
most parsimonious approach and the most appropriate approach
for determining whether whole-ﬁsh PCB concentrations signiﬁcant-
ly differed between the sexes. We set α= 0.05 for all of our statisti-
cal testing.
Bioenergetics modeling
Using the approach outlined by Madenjian (2011), bioenergetics
modelingwas used to assess the growth dilution effect on the difference
in PCB concentrations between the sexes of lake whiteﬁsh. To brieﬂy
summarize, gross growth efﬁciency (GGE) is equal to growth divided
by the amount of food needed to attain that growth. PCB concentration
is inversely proportional to GGE. If the difference in PCB concentrations
between the sexes is solely due to a difference in GGEs between the
sexes, then the ratio of PCB concentration of males to PCB concentration
of females should be equal to the ratio of GGE for females to GGE for
males. For example, if males exceeded females in PCB concentration
by 20%, and the difference in PCB concentrations between the sexes
was solely due a difference in GGEs between the sexes, then females
should exceed males by 20% in GGE. Bioenergetics modeling can be
used to quantify the relative difference inGGEs between the sexes solely
attributable to a difference in growth rates between the sexes, and this
quantiﬁcation represents the magnitude of the growth dilution effect
(Madenjian, 2011). In other words, to assess the growth dilution effect,
SMR and activity were assumed not to vary between the sexes, and the
difference in GGEs between the sexes solely due to a difference in
growth rates between the sexes was quantiﬁed using bioenergetics
modeling.We used our age, TL, andweight data to develop growth trajectories
for both female and male lake whiteﬁsh. We ﬁtted von Bertalanffy
growth models to the age and TL data for both females and males.
Length–weight regressions were also ﬁtted for both females and
males. Based on the ﬁtted von Bertalanffy growth curves, TL at age
was estimated for both females and males over ages 7 through 17. The
ﬁtted length–weight regressions were then used to estimate weight at
age over the same age range. Because age-0 lake whiteﬁsh in northern
Lake Michigan have been estimated to attain a TL of 150 mm by late
fall (R. Claramunt, Michigan Department of Natural Resources, personal
communication), and a 150-mm TL corresponds with a 30-g ﬁsh based
on our ﬁtted length–weight regressions, we assumed that both female
andmale age-0 lakewhiteﬁshweighed 30 g in earlyNovember. To com-
plete development of the growth trajectories,we also assumed that lake
whiteﬁshweight increased linearly between ages 0 and7 for both sexes.
Estimation of food consumption by an age-0 ﬁsh, via bioenergetics
modeling, from time of hatching in spring to early November was not
feasible due to insufﬁcient diet composition data. Thus, we assumed
that GGE over this time period was equal to 0.125, which was the esti-
mate of GGE for age-0 bloater (Coregonus hoyi) from Lake Michigan
(Rudstam et al., 1994). Because the lake whiteﬁsh used in our study
were caught on 6 November 2010, we designated 6 November as the
starting day in our bioenergetics model simulations.
To estimate food consumption by an average female lake whiteﬁsh
and an average male lake whiteﬁsh from the Detour spawning stock
in northern Lake Huron, we used the Madenjian et al. (2013) modiﬁca-
tion to the generalized coregonid bioenergetics model developed by
Rudstam et al. (1994). The bioenergetics model represents an energy
budget for the ﬁsh. Using the model, energy losses were calculated as
a function of water temperature, lake whiteﬁsh size, and consumption
rate, and then an estimate of the amount of food consumption necessary
for a lake whiteﬁsh to achieve the observed size (weight) at a given age
was generated. The energy budget of the lake whiteﬁsh can be
expressed as:
C ¼ G þ R þ Eg þ Ex þ S
where C= consumption, G= growth, R= respiration, Eg= egestion,
Ex= excretion, and S= spawning losses. Respiration was modeled as
a function of water temperature and lake whiteﬁsh weight. Egestion
and excretion were modeled as functions of food consumption.
Spawning was simulated by the lake whiteﬁsh losing the appropriate
amount of weight on the day of spawning. Mature males lost 2.1% of
their body weight on the spawning day, based on GSI measurements
for male lake whiteﬁsh from Lake Michigan (Madenjian et al., 2006).
For mature females, we simulated a loss of body weight equivalent to
the mean GSI for the 5 females from our study. The spawning day was
designated 15 November in our bioenergetics model simulations
(Madenjian et al., 2006). Lake whiteﬁsh were assumed to reachmaturi-
ty by age 8 (Mohr and Ebener, 2005).
Bioenergeticsmodel input data, including thewater temperature re-
gime experienced by the lake whiteﬁsh, diet composition, and energy
densities of both prey and the lake whiteﬁsh, were taken from
Pothoven and Madenjian (2013). Changes in the diet of lake whiteﬁsh
from northern Lake Huron during 1990–2010 have been summarized
by Pothoven and Madenjian (2013). The major invertebrate prey
groups for lakewhiteﬁsh have includedMysis,Diporeia, dreissenidmus-
sels, chironomids, snails, and Bythotrephes. Since 2007, round goby
(Neogobius melonostomus), an invasive ﬁsh from the Ponto-Caspian re-
gion, has represented over 20%, by weight, of the diet of lake whiteﬁsh
from northern Lake Huron (Pothoven and Madenjian, 2013).
Once food consumption was estimated via the bioenergetics model-
ing, we calculated cumulative GGE for each sex by dividing the increase
in lake whiteﬁsh weight by the cumulative amount of food consump-
tion required to attain the observed growth. We then calculated the
ratio of cumulative GGE for females to cumulative GGE for males for
Fig. 1.Mean whole-ﬁsh PCB concentrations, by age, for female and male lake whiteﬁsh
from northern Lake Huron, November 2010. For females, sample sizes for ages 7, 8, 9,
10, 11, 12, 13, 15, and 17 were 2, 4, 2, 7, 4, 3, 3, 0, and 1, respectively. For males, sample
sizes for ages 7, 8, 9, 10, 11, 12, 13, 15, and 17were 1, 5, 3, 10, 2, 7, 2, 1, and 3, respectively.
Error bars represent one standard error.
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difference in PCB concentrations between the sexes were to be fully ex-
plained by the growth dilution effect, then the ratio of GGE for females
to GGE for males would equal the ratio of PCB concentration of males
to PCB concentration of females.
Results
Difference in PCB concentrations between the sexes
Although the sexes were similarly aged, female lake whiteﬁsh were
larger than male lake whiteﬁsh (Table 1). Ages ranged from 7 to 17 for
both sexes. Females averaged 515 mm in TL, whereas males averaged
501 mm in TL. Females averaged 1192 g, whereas males averaged
1012 g (Table 1). Parameters from the ﬁtted von Bertalanffy growth
models also indicated that females grew faster than males, as both the
mean asymptotic length and the Brody growth coefﬁcient were greater
for females than formales. All of the lake whiteﬁshwere in ripe or near-
ly ripe condition.
Mean PCB concentration for females was 59.7 ng/g, whereas mean
PCB concentration for males was 80.3 ng/g (Table 1). Thus, on average,
males were 34% higher in PCB concentration than females. This differ-
ence in PCB concentrations between the sexes was signiﬁcant (t test:
t =−2.97; df = 58; P = 0.0043). Overall, PCB concentration trended
neither upward nor downward with increasing lake whiteﬁsh age
(Fig. 1).
PCB concentrations in ovaries and somatic tissue
Mean PCB concentration in the somatic tissue slightly exceeded
mean PCB concentration in the ovaries (Table 2). On average, PCB con-
centration of the females was expected to increase 2.5% immediately
after spawning due to release of eggs. Mean GSI for the females was
16.1% (Table 2).
Bioenergetics modeling
Despite females growing at a substantially faster rate thanmales, the
ratio of GGE for females to GGE for males did not exceed 1.04 over ages
0–17 (Fig. 2). Across ages 7–17, the ratio of GGE for females to GGE for
males averaged 1.007. Thus, the growth dilution effect could account
for males being 0.7% greater in PCB concentration than females. Al-
though lake whiteﬁsh of both sexes exhibited their fastest growth
rates between ages 0 and 7, the ratio of GGE for females to GGE for
males averaged only 1.002 over ages 0–7 (Fig. 2).
Discussion
Neither the growth dilution effect nor the change in PCB concentra-
tion of females due to release of eggs at spawning could explain male
lake whiteﬁsh exhibiting PCB concentrations that were 34% higher, onTable 1
Mean values for total length, weight, age, and whole-ﬁsh PCB concentration, by sex, of the
lakewhiteﬁsh from northern Lake Huron, November 2010, used in the study. Standard er-
ror of the mean enclosed within parentheses. Also included are the mean asymptotic
length and the Brody growth coefﬁcient, as estimated byﬁtting the von Bertalanffy growth
model to total length and age data, by sex.
Females
(N = 26)
Males
(N = 34)
Total length (mm) 515 (5) 501 (4)
Weight (g) 1192 (40) 1012 (27)
Age (years) 10.4 (0.4) 10.9 (0.4)
Whole-ﬁsh PCB concentration (ng/g) 59.7 (3.6) 80.3 (5.4)
Mean asymptotic length (mm) 556 542
Brody growth coefﬁcient (year−1) 0.165 0.138average, than those for female lake whiteﬁsh. Bioenergetics modeling
results indicated that the growth dilution effect could account for only
a very minor (0.7/34 or 2%) portion of the observed difference in PCB
concentrations between the sexes. Thus, even though females grew
substantially faster than males, the growth dilution effect on the differ-
ence in PCB concentrations between the sexes was very modest. The
growth dilution effect was relatively low over both the 0–7 and 7–17
age ranges. Thus, the growth dilution effect was of minor importance,
regardless of whether the lake whiteﬁshwere growing relatively quick-
ly or relatively slowly. Madenjian (2011) predicted that the growth di-
lution effect would be a relatively minor factor affecting the difference
in PCB concentrations between the sexes in most cases, and our results
supported that prediction. Our results also showed that the change in
PCB concentration of females due to release of eggs at spawning had
no explanatory power whatsoever with regard to the 34% higher PCB
concentrations observed in males compared with females. We estimat-
ed that femaleswould increase in PCB concentration by 2.5%, on average,
immediately after spawning due to release of eggs. This increase in PCB
concentration of females immediately after spawning was attributable
to PCB concentration in the somatic tissue exceeding PCB concentration
in the eggs. In contrast, males were signiﬁcantly higher in PCB concen-
tration compared with females. Madenjian (2011) contended that the
change in PCB concentration of females immediately after spawning
due to release of eggswould not contribute to higher PCB concentrations
inmales inmost cases, and our results corroborated that contention.We
also note that for walleye, lake trout, rainbow trout (Oncorhynchus
mykiss), andwhite sucker (Catostomus commersoni), PCB concentrations
of the females are also expected to slightly increase immediately after
spawning due to release of eggs (Madenjian, 2011). Further support
for the contention that release of eggswas not responsible for the higher
PCB concentrations in males compared with females was provided byTable 2
Mean values for PCB concentration in ovaries, PCB concentration in somatic tissue, expect-
ed percent change inwhole-ﬁsh PCB concentration immediately after spawning due to re-
lease of eggs, and gonadosomatic index (GSI) of the 5 female lakewhiteﬁsh fromnorthern
Lake Huron, November 2010, used in the study. Standard error of mean enclosed within
parentheses.
Characteristic Mean
PCB concentration in ovaries (ng/g) 55.9 (13.3)
PCB concentration in somatic tissue (ng/g) 62.6 (5.9)
Expected percent change in whole-ﬁsh PCB concentration
immediately after spawning due to release of eggs (%) +2.5 (2.4)
GSI (%) 16.1 (2.0)
Fig. 2. Estimated ratio of cumulative gross growth efﬁciency (GGE) of females to cumula-
tive GGE of males, as a function of age, for lake whiteﬁsh from northern Lake Huron,
November 2010. Estimates based on application of the Wisconsin bioenergetics model
(Rudstam et al., 1994; Madenjian et al., 2013).
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studies (Madenjian, 2011;Madenjian et al., 2014). Both the coho salmon
and sea lamprey populationswere sampled prior to spawning. Both spe-
cies are semelparous in that they spawn just once during their lifetime
and then die soon thereafter. Thus, these ﬁsh had never spawned prior
to being caught, and therefore release of eggs at spawning could not
possibly explain the higher PCB concentrations in males compared
with females for both species.
Given the available data on movements of the Detour spawning
stock of lakewhiteﬁsh in northern LakeHuron, a “hot spot” effect, as de-
scribed by Madenjian (2011), was an unlikely contributor to the ob-
served difference in PCB concentrations between the sexes of lake
whiteﬁsh. First, mark-recapture data did not provide any suggestion
that the sexes were spatially segregated for an extended period of
time over the course of the year (Ebener et al., 2010). Second, the
observed range of seasonal movements for the Detour stock did not
spatially overlap with known PCB “hot spots” in the Lake Huron basin,
including the lower Saginaw River (tributary to Saginaw Bay) and the
upper St. Marys River (International Joint Commission, 1987; Ebener
et al., 2010). Thus, neither of the two conditions for a “hot spot” effect
to occur appeared to be met. Madenjian (2011) contended that the
“hot spot” effect could explain differences in PCB concentrations be-
tween the sexes in only a relatively few ﬁsh populations around the
world, because the frequency with which both of these two conditions
are met is relatively low. In addition, based on studies of other ﬁsh
species, a difference in diet composition between the sexes of lake
whiteﬁsh was not expected. Madenjian et al. (2014) found no signiﬁ-
cant difference in the carbon and nitrogen stable isotopic signatures of
cisco between the sexes, suggesting that diet composition did not differ
between the sexes. Moreover, diet composition of both lake trout and
coho salmon from Lake Michigan did not signiﬁcantly differ between
the sexes (Madenjian, 2011).
We conclude that male lake whiteﬁsh were 34% higher in PCB con-
centration than female lake whiteﬁsh most likely due to a higher rate
of energy expenditure stemming from greater activity and a higher
SMR. This higher rate of energy expenditure led to a higher rate of
food consumption, which then led to a higher PCB accumulation rate.
In the few cases where differences in activity and SMR between the
sexes have been documented, males have been shown to have the
greater rate compared with females (Madenjian et al., 2014). A greater
rate of energy expenditure bymales has been hypothesized as a feature
common tomost ﬁsh populations around theworld (Madenjian, 2011).
The difference in SMRs between the sexes of lake trout has been esti-
mated to result in the feeding rate of males exceeding the feeding rate
of females by 11%, based on hypothetical bioenergetics modeling(Madenjian, 2011). Thus, just based on the difference in SMRs between
the sexes, the ratio of GGE of females to GGE ofmaleswould be 1.11, and
PCB concentration of males would exceed that of females by 11%. If this
difference in SMRs between the sexes of lake trout were applicable to
the Detour spawning stock of lake whiteﬁsh in northern Lake Huron,
then the bulk of the observed difference in PCB concentrations between
the sexes of lake whiteﬁsh would be attributable to higher activity by
males, given that males exceeded females in PCB concentration by 34%
and the growth dilution effect could only account for a very minor por-
tion of this observed difference.
Ourﬁndings should be of interest to basic and applied ecotoxicologists
and ecologists alike. Our results documenting higher whole-ﬁsh PCB con-
centrations in males compared with females from the Detour spawning
stock of lake whiteﬁsh in northern Lake Huron extend and corroborate
the previous results fromearlier studies onwalleye, lake trout, coho salm-
on, burbot, sea lamprey, and cisco. The pattern of higher whole-ﬁsh PCB
concentrations in males continues. This pattern appears to hold for not
only top predators and planktivores, but also for generalist feeders like
lake whiteﬁsh. Eventually, these ﬁndings will be useful in developing
sex-speciﬁc bioenergetics models for ﬁsh. From an applied standpoint,
this research on differences in PCB concentrations between the sexes of
ﬁsh could be useful in developing ﬁsh consumption advisories (Gewurtz
et al., 2011), and could also beused indevelopingmore efﬁcient strategies
for monitoring PCB concentrations in ﬁsh populations (Madenjian et al.,
1998).
Because food consumption, rather than lipid concentration, is con-
sidered the causative agent for PCB accumulation in ﬁsh (Weininger,
1978; Borgmann andWhittle, 1992), a difference in lipid concentrations
between the sexes would not be expected to contribute to a difference
in PCB concentrations between the sexes of lake whiteﬁsh. In general,
lipid concentration is positively correlated with PCB concentration,
even though the relationship is not a cause-and-effect one (Borgmann
andWhittle, 1992). For cisco, a species closely related to lake whiteﬁsh,
females were found to be slightly higher in lipid concentration than
males, whereas males were signiﬁcantly higher in PCB concentration
than females (Madenjian et al., 2014). Similarly, for the Saginaw Bay
walleye population, females were slightly higher in lipid concentration
than males, even though males were signiﬁcantly greater in PCB
concentration compared with females (Madenjian et al., 1998).
As previously mentioned, caution should be exercised in extrap-
olating PCB concentration results based on muscle tissue or liver
tissue determinations to whole ﬁsh (Madenjian, 2011). Speciﬁcally,
the ratio of muscle tissue PCB concentration in males to muscle
tissue PCB concentration in females may not equal the ratio of
whole-ﬁsh PCB concentration in males to whole-ﬁsh PCB concen-
tration in females. For example, muscle tissue PCB concentrations
did not signiﬁcantly differ between the sexes of lake whiteﬁsh in
28 of the 32 populations in Canada surveyed by the Ontario Ministry
of the Environment (Gewurtz et al., 2011). Similarly, muscle tissue
PCB concentrations did not signiﬁcantly differ between the sexes of
European whiteﬁsh (Coregonus macrophthalmus) from Lake Maggiore
in Italy (Volta et al., 2009). In contrast, we found a highly signiﬁcant dif-
ference in whole-ﬁsh PCB concentrations between the sexes of lake
whiteﬁsh from the Detour spawning stock in northern Lake Huron.
The next step in establishing the pervasiveness of this characteristic
of higher whole-ﬁsh PCB concentrations in males compared with fe-
males among ﬁsh populations around the world would be to assess a
marine ﬁsh population. To date, the ﬁsh populations that have been
thoroughly examined, on a whole-ﬁsh basis, were from freshwater eco-
systems. Moreover, all but one of the populations, namely the Great
Slave Lake burbot population, were from the Laurentian Great Lakes
basin. Thus, documentation of higher whole-ﬁsh PCB concentrations
in males compared with females from a marine ﬁsh population would
represent another signiﬁcant milestone in the evaluation of the perva-
siveness of this characteristic of higher PCB concentrations in males in
ﬁsh populations from around the world.
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We documented that, on average, whole-ﬁsh PCB concentrations in
males were 34% greater than whole-ﬁsh PCB concentrations in females
for the Detour spawning stock of lakewhiteﬁsh in northern LakeHuron.
Bioenergetics modeling results indicated that the growth dilution effect
could explain only a very minor portion of this observed difference in
PCB concentrations between the sexes. Further, our determinations of
PCB concentrations in the ovaries and somatic tissue of females indicat-
ed that the release of eggs at spawninghad no explanatory powerwhat-
soever with regard to the observed difference in PCB concentrations
between the sexes, because whole-ﬁsh PCB concentrations of the fe-
males were expected to slightly increase immediately after spawning.
Moreover, the available data on seasonal movements of the Detour
stock of lake whiteﬁsh indicated that a “hot spot” differential exposure
effect did not contribute to the observed difference in PCB concentra-
tions between the sexes. Therefore, we conclude that the 34% higher
whole-ﬁsh PCB concentrations in male lake whiteﬁsh compared with
female lake whiteﬁsh were most likely due to a higher energy expendi-
ture rate inmales. This higher rate of energy expenditure translated into
a higher rate of food consumption and, consequently, a higher PCB accu-
mulation rate. The characteristic of higher whole-ﬁsh PCB concentra-
tions in males compared with females has now been shown to be
shared by seven species of ﬁsh, including walleye, lake trout, coho
salmon, burbot, sea lamprey, cisco, and lake whiteﬁsh. The next step
in evaluating the pervasiveness of this characteristic of higher whole-
ﬁsh PCB concentrations in males should be an assessment of a marine
ﬁsh population.
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